(Charytoniuk et al., 2000). Due to a widespread expres-
observed through the translucent cuticle of an intact animal from first to late third instar larvae using confocal sion and requirement during early developmental stages, BMPRII-deficient mice die shortly after implanmicroscopy ( Figure 1A ). In larvae, the somatic musculature of each hemisegment is innervated by a major nerve tation, precluding thus far the study of the function of BMPRII in vivo during synapse development (Beppu et bundle, which defasciculates into five major nerve branches. Each branch forms synapses on a subset of al., 2000).
A regulatory function for vertebrate BMPs in dendritic muscles: for example, the ISN branch innervates dorsal and dorso-lateral muscles, while the SNa branch innergrowth has been suggested by in vitro results on cultured sympathetic neurons. Exposure of these neurons vates exclusively lateral muscles ( Figure 1B) . The dorsal and lateral muscles are most easily visualized in CD8-to recombinant BMP7 rapidly induces the upregulation of dendritic marker proteins and the outgrowth of new GFP-Sh larvae and have therefore been the focus of our screen. dendrites (Lein et al., 1995). BMP2, BMP6, and Drosophila Gbb (60A) have been shown to stimulate similar On the third chromosome, we screened third instar larvae of 4973 homozygous Drosophila lines carrying growth effects (Guo et al., 1998). The dendritic growthpromoting activity of BMP7 is also effective on cultured EMS-induced mutations for morphological alterations of the NMJ (see Experimental Procedures). We saved hippocampal neurons. Because BMP7 and other BMPs are expressed in the hippocampus, it has been suggested 66 lines that fell into 17 complementation groups comprising 10 phenotypical classes. Amongst the most that they might play a developmental role in dendritic growth and synapse formation (Withers et al., 2000) . prominent phenotypes, we found mutations that lead to smaller and more expanded synapses. We also recov-TGF-␤ family members may also have a regulatory function in the development of the vertebrate NMJ. A ered mutations that affected muscle innervation, muscle morphology, and localization of the CD8-GFP-Sh transligand of the TGF-␤ superfamily, Myostatin (GDF- Figure 1D ). All neuromus-1997). In addition, TGF-␤2 is thought to act as a targetderived neurotrophic factor for motoneurons because cular synapses were smaller in wit mutants with nearly 100% penetrance. The size of individual synaptic bouit is localized at the postsynaptic side of the NMJ, and its receptors are expressed in motoneurons (Jiang et tons appeared normal, but boutons were often spaced further apart from one another ( Figure 1D ). The specifical., 2000). These results show that ligands and receptors of the TGF-␤ superfamily are present in both muscles ity of the neuromuscular connections was not affected, and we did not observe any other gross morphological and motoneurons and suggest that they might function in regulating the growth of the neuromuscular synapses. defects in wit mutant larvae. In addition, the size of sensory neurons appeared normal and the dendritic tree However, a functional requirement for BMP signaling in the growth of any synapse in vivo has not yet been of multidendritic neurons was not visibly reduced in size in the mutants (not shown tic terminal and is not detected normally in motor axons pared to wild-type, as do those of second instar wit mutants (data not shown). using our imaging procedure. In wit mutants, however, Syt staining was typically found in a punctate pattern in the nerve bundles ( Figures 2E and 2F) .
wit Encodes the Drosophila Homolog We quantified the structural growth defects in wit muof the Vertebrate BMPRII tants by counting the synaptic boutons ( Figure 2G) . By complementation analysis, we also identified a embryos appear similar to those of wild-type, those of lethal P element insertion into the first intron of the wit gene in the line l(3)S126215 that mimicked the synaptic first instar wit larva have visibly smaller synapses com- phenotype of our EMS alleles ( Figures 3C and 3D ). Prea protein of 903 amino acids with predicted extracellular, transmembrane, and intracellular regions ( Figure 3E ). cise excision of this P element reverted the lethality and restored normal synaptic structure, indicating that the The extracellular region contains a signal sequence and a TGF-␤ receptor family signature sequence. The cytoinsertion was responsible for the phenotype. To further demonstrate that the synaptic phenotype is caused by plasmic region consists of a Serine/Threonine-kinase domain containing an ATP binding site and a highly a disruption of the wit gene, we crossed transgenic flies carrying a genomic fragment of the entire wit locus into conserved coiled-coil/leucine zipper motif followed by a unique C-terminal domain of 372 amino acids with a wit homozygous mutant background. This transgene completely rescued the lethality and the synaptic pheno known function. At the amino acid level, the overall identity of Wit to human BMPRII is 30% with the stronnotype of wit mutants ( Figure 5B ).
The wit cDNA (GH13548) is 4034 bp long and encodes gest homology in the kinase domain (45%) ( Figure 3F ). We sequenced the wit gene in all five mutant alleles.
( Figure 3E ). We found point mutations in the coding region of four alleles, all of which were located in the kinase domain These three alleles and wit HA2 had similar phenotypes either transheterozygous over each other or hemizygous the monoclonal antibody BP102 that labels the axon scaffold revealed that wit is expressed in the motoneuover deficiencies, suggesting they represent strong rons of the Ventral-Unpaired Median (VUM) cluster (Figloss-of- Figure 4E ). detect any wit mRNA, suggesting that wit is not materBeginning at stage 15, Wit was also seen in the CNS nally deposited. We detected zygotic wit expression first axon scaffold in both the commissures and longitudinal at stage 11 in a reiterated subset of CNS neurons ( Figure  tracts (Figure 4F ). Weak expression was also detected 4A) and in the labral sensory cluster of the peripheral in the sensory neurons of the peripheral nervous system. nervous system (Figures 4A and arrowhead) . In stages At stage 16, Wit staining formed a pattern resembling the 11 to 14, wit expression persisted in these spatially restaining pattern of the motoneuron marker Late Bloomer (Lbl) ( Figure 4G, Kopczynski et al., 1996) . Similar to Lbl, stricted clusters (Figures 4B and 4C) . Co-staining with Wit protein was predominantly found in a stripe of cells cordings from muscle 6 at segment A3 in wild-type and wit mutant third instar larvae. Evoked excitatory juncin a region close to the posterior commissure in each segment where motoneurons are located (arrowheads tional potentials (EJP) were greatly reduced in wit mutants reaching only 10% of those of the wild-type in Figure 4G ). In first and second instar larvae, Wit was expressed throughout the brain. In third instar larvae, (29 
This indicates that wit loss mutants using the UAS/Gal4-system (Brand and Perriof function disrupts a presynaptic process (Figures 6A-mon, 1993). Expression of wild-type Wit in all postmitotic 6D), consistent with our genetic results for rescuing leneurons using elav-Gal4 rescued lethality in more than thality and structural defects (see above). 90% of the homozygous mutants and completely res-
Finally, we examined the electrophysiological defects cued both the synaptic and muscular growth defects in wit mutants by measuring the Ca 2ϩ dependence of ( Figures 5C and 2G) . Expression of full-length Wit only neurotransmitter release ( Figure 6E ). Loss of function of in motoneurons using OK6-Gal4 (K.G. Moffat, J.B. Conwit does not appear to affect the Ca 2ϩ cooperativity at nolly, J. Keane, S.T. Sweeney, and C.J. O'Kane, unpubthe neuromuscular junction, as the slope of the regreslished data; see also Experimental Procedures) also ression line remained around 3 (Stewart et al., 1994). Our cued both the lethality and synaptic defects of wit electrophysiological examination implies that upon demutants ( Figure 5D ). In contrast, expression of Wit on polarization, wit mutant motor terminals release signifithe postsynaptic side of the NMJ in all somatic muscles cantly less neurotransmitter. using the G14-Gal4 insertion line (D. Lin and C.S.G., unpublished data) did not rescue synaptic defects (Figure 5E) .
Presynaptic Membrane in wit Mutants Exhibits Additional evidence for a presynaptic function for Wit
Adhesion Defects was provided by the examination of the effect of a domiGiven the dramatic light microscopic and electrophysionant negative wit construct lacking the cytoplasmic dological defects, we wondered whether the ultrastructure main of the receptor protein (wit⌬C). Overexpression of of wit neuromuscular synapses was also affected. We Wit⌬C in motoneurons using OK6-Gal4 reduced synapexamined serial cross-sections of both wild-type and tic size in a wild-type background ( Figure 5F ), whereas wit mutant boutons at muscles 6 and 7 of third instar overexpression of the same protein in muscles using larvae by electron microscopy. We found that wit mutant G14-Gal4 had no effect. Finally, we tested whether oversynapses have active zones with T-bars, synaptic vesiexpression of Wit is sufficient to promote synaptic cles both free within the bouton and clustered around growth in a wild-type background. When we overexthe T-bars, and other features that appear wild-type pressed Wit in all neurons or in all somatic muscles, we ( Figures 7A and 7B) . In addition to these features, we did not observe any synaptic overgrowth at the NMJ, also observed a smaller population of vesicles larger even when the copy number was increased 2-fold (not than and distinct from the synaptic vesicles ( Figure 7B ), shown). In summary, these results suggest that wit funcan unusual ruffling of the presynaptic membrane in action is required presynaptically for viability and normal tive zones, and a novel electron dense structure associsynaptic development at the NMJ. ated with a tight cluster of vesicles (see below). The postsynaptic specialization of the muscle membrane, the subsynaptic reticulum (SSR), was indistinguishable wit Mutant Synapses Release Less Neurotransmitter from wild-type (data not shown). We quantified a number of bouton characteristics Since wit is required for normal synaptic development at the NMJ, we wondered whether wit also plays a role from serial sections of 17 wit boutons and compared them with similar data from 18 wild-type boutons. We in synaptic transmission. We examined both the spontaneous and the evoked release using intracellular refind that although wit and wild-type boutons are approxi- mately the same size, the bouton surface area per active in sections with, and without, T-bars (cf. Figures 7D and  7E) . We quantified this defect by comparing the ratio of zone is 2-fold greater in wit mutants (2.01 Ϯ 0.25 m 2 compared to 1.01 Ϯ 0.08 m 2 in wild-type; p Ͻ 0.001, the length of presynaptic membrane in close apposition to the postsynaptic membrane to the overall length of Student's t test). In addition, the number of T-bars per active zone was 2-fold greater in wit mutants (1.28 Ϯ postsynaptic membrane in active zones of wild-type and wit mutants. In wild-type boutons, this ratio was 0.97 Ϯ 0.14 compared to 0.61 Ϯ 0.03 in wild-type; p Ͻ 0.001). The bouton surface area per T-bar (an indicator of an 0.01 (n ϭ 16; the 3% discrepancy is due to slight membrane curvature in many active zones). By contrast, this active vesicle release site) was not statistically different between wit mutants and wild-type (1.78 Ϯ 0.29 m 2 in ratio in wit mutants was 0.56 Ϯ 0.03 (n ϭ 22; p ϽϽ 0.001, Student's t test), indicating that 44% of the presynaptic wit versus 1.73 Ϯ 0.19 m 2 in wild-type; p ϭ 0.89). Our ultrastructural observations revealed two signifimembrane was detached. In no instance, however, did we observe a T-bar associated with a detached section cant defects in wit mutant boutons. In wit mutants, the postsynaptic membrane and the electron dense material of presynaptic membrane, even when the immediately adjacent presynaptic membrane was detached. in the cleft appeared normal, but the presynaptic membrane within the active zone displayed regions of ruffling The second defect in wit mutant boutons was the presence of a novel electron dense structure and its or detachment from the postsynaptic membrane/cleft material (arrows, Figures 7D and 7E) . These membrane associated cluster of vesicles within the cytoplasm of the bouton (Figures 7F-7I) . We observed an average of detachments did not include the entire active zone as some regions maintained close apposition of the pre-2.4 Ϯ 0.7 such structures per bouton in wit mutants, whereas none were observed in wild-type boutons. We and postsynaptic membranes (arrowheads, Figures 7D  and 7E ). This adhesion defect was observed in nearly have named these structures T-bodies, due to their shared ability to cluster synaptic vesicles in a similar all active zones of wit mutants and was similar in severity In electron micrographs, we observe a detachment of synaptic branches are stretched apart and new boutons the presynaptic membrane from the electron dense maare inserted between existing boutons suggesting that terial in the synaptic cleft selectively in active zones, muscle growth could be a driving force for the expansion which could provide an explanation for the malfunction of presynaptic morphology (Zito et al., 1999) . Such a of synaptic transmission. Accurate fusion of synaptic growth process may be disrupted in wit mutants. In wit vesicles or complete efflux of their vesicular content mutant first instar larvae, the NMJs appear to be slightly could be hampered by these presynaptic membrane smaller than in wild-type, but the spacing of individual defects. Furthermore, the membrane ruffles cause an boutons is not visibly affected. In third instar larvae, increase in volume between the pre-and postsynaptic however, we observe that many boutons are at greater sides, which could lead to a dilution of the glutamate distances from each other, indicating that appropriate concentration in the synaptic cleft resulting in a degrowth has not occurred. Interestingly, Fas II levels are crease of postsynaptic receptor activation. greatly reduced at the NMJ of wit mutants, and a similar
The membrane detachments could derive from an increase in interbouton distances has been observed in adhesion defect or a membrane trafficking defect. Acstrong loss-of-function FasII mutants. The NMJs of cording to the general model, membrane recycling takes these FasII mutants appear to form normally but fail to place in endocytotic zones surrounding active zones, grow relative to the muscles of first instar larvae leading whereas transmitter release is thought to take place only to atypically spaced boutons (Schuster et al., 1996a 
